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A new Ca2La8(GeO4)6O2 (CLGO) compound has been synthesized via solid-state reaction process for the
ﬁrst time. The crystal structure of CLGO was reﬁned and determined by Maud Program. The
photoluminescence spectra (PL), cathodoluminescence spectra (CL), and lifetimes as well as temperature
dependence of photoluminescence of CLGO:RE3+ (RE3+¼Eu3+, Tb3+, Dy3+, Sm3+, Tm3+) were investigated
in detail. Under the excitation of ultraviolet, CLGO:RE3+ (RE3+¼Eu3+, Tb3+, Dy3+, Sm3+, Tm3+) show red,
green, yellow, orange, violet emission, respectively.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Recently, rare-earth functional materials have been widely studied
due to their unique physical and chemical properties and potential
applications in the ﬁelds of luminescence devices, optical transmission,
biochemical probes, medical diagnostics, and so forth [1–7]. Among
numerous oxides of rare-earth functional materials, one of the most
important families is the apatites family, which constitutes a large
family of isomorphous compounds with a general formula of
M10(TO4)6X2, where M is a mono-, di- or tri-valent cations (Na+, Sr2
+, La3+), TO4 is a di-, tri- or tetra-valent anionic group (SO2 , VO43 ,
SiO44) and X is a mono- or di-valent anion (F , Cl , O2 , S2) [8].
The apatite structure (P63/m space group) has two sites for cation; 4f
(C3 point symmetry) with a nine-coordinated site and 6h (Cs point
symmetry) with a seven-coordinated site [9]. Recently, rare earth
ions doped silicate apatite-type compounds have drawn more and
more attention due to their excellent luminescent characteristics [10–
12]. For example, the yellow-emitting Ca2Gd8(SiO4)6O2:Ce3+/Mn2+
[13] and color tuning Mg2Y8(SiO4)6O2: Ce3+/Mn2+/Tb3+ phosphors
[14]. Si and Ge elements belong to the same main group, namely,
their outer electronic distributions are same. So their compounds
may have similar crystal structure, physical and chemical proper-
ties. There have been no report on the structure and optical
properties of CLGO compounds. Hence, the structure and opticalr B.V.
ﬁce); fax; +86 931 8913554
zu.edu.cn (Y. Wang).
Open access under CC BY-NC-properties of a new compound system, CLGO, doped with Eu3+,
Tb3+, Dy3+, Sm3+, Tm3+ ions.
2. Experimental
Phosphors of the formula Ca2La8(GeO4)6O2:RE3+ (RE3+¼Eu3+,
Tb3+, Dy3+, Sm3+, Tm3+) were synthesized by conventional high-
temperature solid state reaction method. The starting materials
were CaCO3 (99%), La2O3 (99%), GeO2 (99.99%) and rare earth
oxides (Eu2O3, Tb4O7, Dy2O3, Sm2O3, Tm2O3 purity). The raw
materials were weighed stoichiometrically and ground thoroughly
in an agate mortar for 1–2 h in alcohol. Subsequently, the dried
mixtures were placed in a crucible. The reactants were calcined at
1250 1C for 6 h in a reducing atmosphere (5% H2/95% N2).
The crystal structure of the synthesized samples was identiﬁed by
using a Rigaku D/Max-2400 X-ray diffractometer (XRD) with Niﬁltered
CuKa radiation. The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra of the samples were measured by using an
FLS-920T ﬂuorescence spectrophotometer equipped with a 450W Xe
light source and double excitation monochromators. The PL decay
curves were measured by an FLS-920T ﬂuorescence spectrophot-
ometer with nF900 nanosecond Flashlamp as the light source. The
cathodoluminescence properties of the samples were obtained using a
modiﬁed Mp-Micro-S instrument. All of the measurements were
performed at room temperature.3. Results and discussion
3.1. XRD analysis
The reﬁnement of the CLGO XRD patterns is performed by
Maud Program, as shown in Fig. 1 [15]. All the observed peaks canND license.
Fig. 1. (a) XRD of Maud reﬁnement of powder XRD patterns of CLGO at room temperature by Maud program (experimental—cross, calculated—line, difference—bottom),
and (b) XRD patterns of CLGO and CLGO:RE3+(RE3+¼Eu3+, Tb3+, Dy3+, Sm3+, Tm3+).
Table 1
Structural parameters of CLGO analyzed by Maud Program of powder XRD data at
room temperature.
Atoms Wyckoff site X Y Z B factors
La1 6h 0.6621 0.1624 1/4 0.3740
La2 4f 2/3 1/3 2.2752 0.6900
Ca1 6h 0.8835 0.6123 1.0924 0.8500
Ge1 6h 1.7093 0.1714 1/4 0.2380
O1 6h 1.2989 0.7009 1/4 0.2690
O2 6h 0.0063 0.6338 1/4 1.1400
O3 2a 0 0 1/4 0.4460
O4 12i 1.2835 0.6123 1.0924 0.8500
O4 12i 0.2836 0.6124 1.0924 0.8780
Reliability factors
Space group: P63/m
Cell parameter Reliability factors
a¼15.1762(6) Å, c¼7.2319(1) Sig¼1.24
Z¼1 R(w)%¼13.85
Cell volume¼610.96 Å³ Rwnb (%, no bkg)¼11.94
M. Que et al. / Journal of Luminescence 144 (2013) 64–68 65be ﬁtted with the reﬂection conditions in the hexagonal unit cell
(space group: P63/m). There are four crystallographic sites for
cations in the unit cell: seven-fold coordinated La(1)3+(6h) sites,
nine-fold coordinated La(2)3+(4f) sites, seven-fold coordinated
Ca2+(6h) sites and four-fold coordinated Ge4+(6h) sites. The ﬁnal
agreement factors converged to Sig¼1.24, R(w)%¼13.85, Rwnb(%, no
bkg)¼11.94, and the cell parameters are a¼15.1762(6) Å, c¼7.2319
(1) Å as listed in Table 1.
Fig. 1b shows the XRD patterns of rare earth ions doped
CLGO samples. It is obvious that the diffraction peaks of all
these samples can be exactly assigned to CLGO host. No other
phase or impurity can be detected, indicating that RE3+(RE3+¼
Eu3+, Tb3+, Dy3+, Sm3+, Tm3+) ions were completely dissolved in
the CLGO host without inducing signiﬁcant changes of the crystal
structure.
3.2. Photoluminescence properties
The room-temperature photoluminescence excitation and emis-
sion spectra of Ca2La8(GeO4)6O2:RE3+(RE3+¼Eu3+, Tb3+, Dy3+, Sm3+,
Tm3+) are presented in Fig. 2. These compounds show characteristic
excitation and emission peaks of trivalent lanthanide ions and the
electronic transitions for all of the observed emission peaks [16–20].
As representative examples, the photoluminescence properties
of Eu3+ and Dy3+ doped CLGO are discussed here. The broad band
near 300 nm in excitation spectrum (λem¼612 nm) of Eu3+ doped
CLGO can be ascribed to Eu3+–O2 charge transfer band (CTB),
which corresponds to an electron transferred from oxygen 2p
orbital to the empty 4f orbital of Eu3+. The ﬁve sharp excitation
peaks at 320, 362, 381, 393 and 464 nm can be attributed to the
Eu3+ intra-4f transitions. In the emission spectrum (λex¼393 nm),
there are three emission peaks at 591, 612, and 651 nm, corre-
sponding to the 5D0–7F1, 5D0–7F2, 5D0–7F3 and 5D0–7F4 transitions
of Eu3+, respectively. As reported in Ref. [21], the emission spectra
are dominated by the electric dipole 5D0-7F2 transition of Eu3+ in
that they occupy a non-symmetry site, because the optical
5D0-7F0 transition of Eu3+ is strictly forbidden and can only be
observed when Eu3+ occupy a low symmetry site. The CIE
coordinates for CLGO:Eu3+ is determined as x¼0.628, y¼0.369,
located in the orange red region (point 1 in Fig. 2f). The lifetime of
5D0 (detected at 612 nm for the 5D0–7F2 transition) of Eu3+ is
determined
to be 0.013 ms, as shown in Fig. 3a. The emission spectrum
(λex¼349 nm) of Dy3+ doped CLGO shows the 4F9/2–6Hj′ (j′¼15/2,
13/2 and 11/2) transitions at 478, 572 and 664 nm, respectively.
The allowed 4F9/2–6H13/2 transition is hypersensitive [22], which is
strongly inﬂuenced by the outside surroundings thus can beserved as an efﬁcient and sensitive structure probe [23]. The
occurrence of intense emission of 4F9/2–6H13/2 transition at
572 nm indicates that Dy3+ is located at a low symmetry local
site (Cs and C3, without inversion center) in the CLGO host lattices.
The CIE coordinates for CLGO:Dy3+ is determined as x¼0.402,
y¼0.421, located in the yellow region (point 3 in Fig. 2f). The
lifetime of 4F9/2 (detected at 572 nm for the 4F9/2–6H13/2 transition)
of Dy3+ is determined to be 0.55 ms in the CLGO:Dy3+ sample, as
shown in Fig. 3c. The photoluminescence properties of other
CLGO:RE3+(RE3+¼Eu3+, Tb3+, Dy3+, Sm3+, Tm3+) samples can be
clearly seen in Table 2 and will not be discussed here in more
detail.3.3. Cathodoluminescence properties
The CL properties of the above CLGO:RE3+ (RE3+¼Eu3+, Tb3+,
Dy3+, Sm3+, Tm3+) phosphor were also investigated. Fig. 4 shows
the typical CL spectra of the CLGO:RE3+ ( RE3+¼Eu3+, Tb3+, Dy3+,
Sm3+, Tm3+) samples, which are similar to their corresponding
emission spectra.
3.4. Thermal quenching
It is known that the thermal quenching properties are crucial
parameters in evaluating the luminescent properties of the
Fig. 2. (a–e) Photoluminescence excitation (black) and emission(red/green/yellow/orange/violet) spectra of CLGO:RE3+(RE3+¼Eu3+, Tb3+, Dy3+, Sm3+, Tm3+), (f) CIE
chromaticity diagram for CLGO:Eu3+ (1), CLGO:Tb3+ (2), CLGO:Dy3+ (3), CLGO:Sm3+ (4), CLGO:Tm3+ (5). (For interpretation of the references to color in this ﬁgure, the reader
is referred to the web version of this article.)
Fig. 3. (a) The decay curves for the 5D0–7F2 emission of Eu3+, (b) the 5D4–7F5 emission of Tb3+, (c) the 4F9/2–6H13/2 emission of Dy3+, (d) the 4G5/2–6H7/2 emission of Eu3+,
(e) the 1D2–3F4 emission of Eu3+ in CLGO:RE3+(RE3+¼Eu3+, Tb3+, Dy3+, Sm3+, Tm3+) sample (λex¼350 nm laser).
Table 2
Summary of the photoluminescence properties of CLGO:RE3+(RE3+¼Eu3+, Tb3+, Dy3+, Sm3+, Tm3+) samples.
Excitation peaks (nm)/transition Emission peaks (nm)/transition CIE coordinates Lifetime(ms) Color
CLGO:Eu3+ 254/Eu3+–O2– CTB 591/5D0–7F1 X¼0.628 0.013 Red
320/7F0–5H3 612/5D0–7F2 Y¼0.369 (5D0)
362/7F0–5D4 651/5D0–7F3
381/7F0–5L7
393/7F0–5L6
320/7F0–5D2
CLGO:Tb3+ 240–300, 318, 350/4f8–4f75d1 491/5D4–7F6 X¼0.337 0.378 Green
543,549/5D4–7F5 Y¼0.553 (5D4)
377/7F5–7D3 585/5D4–7F4
622/5D4–7F3
CLGO:Dy3+ 324/4H15/2–6P3/2 478/4F9/2–6H15/2 X¼0.402 0.558 Yellow
349/4H15/2–6P7/2 572/4F9/2–6H13/2 Y¼0.421 (4F9/2)
364/4H15/2–6P5/2 664/4F9/2–6H11/2
389/4H15/2–6I5/2+4 F7/2
426/4H15/2–4G11/2
CLGO:Sm3+ 344, 360 561/4G5/2–6H5/2 X¼0.604 0.037 Orange
375/4f–4f 598/4G5/2–6H7/2 Y¼0.389 (4G5/2)
404/6H9/2–4K11/2 664/4G5/2–6H9/2
CLGO:Tm3+ 356/3H6–1D2 452/1D2–3F4 X¼0.189 0.016 Violet
Y¼0.113 (1D2)
Fig. 4. CL emission spectra of CLGO:RE3+(RE3+¼Eu3+, Tb3+, Dy3+, Sm3+, Tm3+) samples under electron beam excitation with accelerating voltage¼15 KV and ﬁlament
current¼119.0 μA.
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were measured at temperature in the range of 25–230 1C, and
the results are shown in Fig. 5. The thermal quenching tempera-
ture, T50, is deﬁned as the temperature at which the emission
intensity is 50% of its original value. All the samples have higher
T50 than the commercial YAG:Ce3+ except for CLGO:Eu3+, over
230 1C, which demonstrate superior thermal stability as RGB
luminescent materials as shown in Fig. 5f.4. Conclusion
In summary, we have successfully synthesized a new com-
pound Ca2La8(GeO4)6O2 for the ﬁrst time and investigated the
crystal structure by the structure reﬁnement. It is assigned to
space group: P63/m, and the cell parameters are a¼15.1762(6) Å,
c¼7.2319(1) Å. The luminescence properties in terms of excitation
and emission spectra, lifetime, thermal stability as well as the CL
Fig. 5. Temperature dependence of emission spectra of (a) CLGO:Eu3+, (b) CLGO:Tb3+, (c) CLGO:Tb3+, (d) CLGO:Sm3+, (e) CLGO:Tm3+, (f) CLGO:RE3+, Inset: Temperature-
dependent relative emission intensity of CLGO:RE3+(RE3+¼Eu3+, Tb3+, Dy3+, Sm3+, Tm3+) and commercial YAG:Ce3+.
M. Que et al. / Journal of Luminescence 144 (2013) 64–6868properties were discussed in detail. The result shows that CLGO:
RE3+ phosphors are a potential luminescence material which can
be applied to solid-state lighting and display industry.Acknowledgments
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